Abstract: For manipulating nano-bio-specimens, we propose a tweezing device by integrating a triangular-shaped photonic-plasmonic nano-taper on top of a coupling waveguide. The device can exert strong trapping force on nano-particle owing to efficient optical energy usage and accessible field distribution. Working principle and optical characteristics of the device are fully investigated and discussed. The optimized device shows an excellent trapping capability with low threshold power of 3.57 mW for stable trapping n 100 nm polystyrene particle. Simple geometry and high tolerance to pattern misalignment between trap unit and coupling waveguide are beneficial for realistic fabrication. Furthermore, the footprint of trap unit is only 400 nm × 625 nm. We believe this design will be very useful to the development of lab-on-a-chip system.
Introduction
The first optical tweezers, by utilizing single highly-focused laser beam, was developed by Arthur Ashkin [1] . The strong optical intensity at focal spot induces gradient force on the particle and drags it toward the focus. With proper laser power, dielectric particles can be stably trapped. This technique provides a contactless and damage-free way to manipulate and study bio-specimens [2] - [4] , which leads to an explosion in bio-physics and bio-chemistry researches. In 1992, a new approach to optical manipulation was demonstrated by Kawata et al. [5] . They found that μm-sized particles can be trapped and propelled by the evanescent fields produced by a laser beam at the interface between high-refractive-index prism and water surrounding. Later, they demonstrated μm-sized particles can be laterally trapped and longitudinally moved along the waveguide channel [6] . These are due to the enhanced intensity and sharpened gradient in the evanescent fields. The demonstration inspired people to apply the near field of dielectric photonics [7] - [14] or plasmonic structures [15] - [27] in optical manipulation. Hence, a more efficient and precise trapping can be achieved by a more compact device. Furthermore, by integrating the device with microfluidic channel, it opens a new opportunity for manipulating bio-targets in lab-on-a-chip system.
As people seek for thoroughly investigating the characteristics of fundamental bio-molecules, an energy-efficient and precise optical manipulation in bio-targets with sizes ranging from tens to hundreds of nanometers is urgently desired. From the equation of gradient force, greater electric intensity gradient results in stronger trapping force exerting on nano-particles [1] . Erickson et al. summarized the design rules of near-field tweezers to increase intensity gradient by either: (1) condensing optical mode, (2) increasing sharpness of gradient, or (3) amplifying local intensity [9] . Several designs have been proposed to achieve either or all of them, such as slot waveguide [7] , micro-resonator [10] , [11] , and photonic crystal structures [8] , [12] - [14] . In addition to dielectric photonics, utilizing plasmonic structures with localized surface plasmon resonance (LSPR) mode, such as metallic dimer nano-structures [15] , [18] , [21] and nano-apertures [20] , [22] , [23] , have also attracted lots of interests. Because the optical energy is localized and concentrated beyond diffraction limit, an extremely high field intensity produced by a much compact device can be obtained. Although above examples of photonic and plasmonic structures can generate high field intensity, their optical modes are mostly concentrated inside dielectric core or tens of nm-sized void region. Trapping targets would experience limited gradient force because they cannot access the highest intensity region, that is, the low degree of particle-field overlap. To achieve efficient trapping of nano-particle, we believe that device design should consider both increasing field intensity and degree of particle-field overlap. Also, the usage of input optical energy is an important issue. Some researchers integrated their trap unit with either dielectric waveguide [17] , [21] or optical fiber [20] , [22] for the sake of efficient excitation.
Besides using LSPR mode, another approach to attain high field intensity is utilizing plasmonic nano-focusing [26] - [34] . By gradually tapering metallic structure, the optical energy of surface plasmon polariton (SPP) mode can be condensed to an extremely small volume. This method shows great potential in the fields such as ultra-high-resolution imaging [29] , [31] and Raman spectroscopy [32] , [33] . Also, it is worth noting that most of the condensed field exposes to the surrounding, which is beneficial for near-field trapping by providing large degree of particle-field overlap. There are works for optical trapping, but the reported devices are either with poor excitation efficiency [26] or large footprint [27] . In this paper, we propose a tweezing-on-chip device with the help of plasmonic nano-focusing to conduct efficient optical trapping of nano-particle. We are motivated by a design, which optical energy can be efficiently transferred from dielectric waveguide to metallic structure, and then undergoes nano-focusing [34] . However, the existing design operates at wavelength of 1550 nm which is not suitable for bio-target trapping due to relatively high absorption in water. Therefore, we refined this design to work at 1064 nm which is widely used in optical trapping [4] , [14] , [20] . In following discussions, we thoroughly investigate the relations between trapping force strength and structure parameters. The trapping capability of optimized device is also evaluated. We anticipate this design is very compact, energy efficient, and beneficial for realistic fabrication. All of these features make the device very suitable and advantageous for optical manipulation in lab-on-a-chip system.
Device Design and Characteristic Study
The proposed device is composed of an isosceles-triangle-shaped gold (Au) nano-taper on top of a coupling waveguide made of silicon nitride (Si 3 N 4 , refractive index n = 2.0) on a glass substrate (n = 1.45), and a thin silicon dioxide spacer (SiO 2 , n = 1.45) with the same triangle profile is sandwiched between them, as illustrated in Fig. 1(a) . The dielectric constant of Au is fitted using Lorentz-Drude model [22] . Silicon nitride is chosen over silicon as the material of coupling waveguide due to its low optical absorption at 1064 nm. As in a real situation for trapping bio-targets, the device is immersed in water surrounding (n = 1.33). The polystyrene sphere (PS, n = 1.59) is acted as trapping target for mimicking tiny bio-specimens, which is widely used to numerically evaluate the trapping capabilities. Working principle of the device can be divided into four steps, which are indicated in Fig. 1(a) . First, the fundamental transverse-magnetic-like (TM-like) waveguide mode (in which the electric (E)-field mainly points in the z-direction) is launched into Si 3 N 4 waveguide. Second, the waveguide mode excites two hybrid plasmonic modes at the base of the nano-taper. The optical energy could be transferred from Si 3 N 4 waveguide to nano-taper via mode beating of the two hybrid modes. Third, the optical energy is condensed to the front tip of nano-taper via plasmonic nano-focusing, which can be produced by gradually decreasing the width of nano-taper [34] . Last, the high intensity of condensed mode induces strong trapping force on particle and attracts it toward the front tip.
To confirm the working principle, we conduct three-dimensional finite element method to explore the optical properties. The origin of x-y plane is set at the front tip of nano-taper, and the plane of z = 0 is on the top surface of nano-taper. The width and height of Si 3 N 4 waveguide are fixed as 600 and 350 nm. The base of nano-taper is fixed as 400 nm. Consider realistic fabrication capability, the three tips of nano-taper are rounded with 20 nm in radius. First, we investigate the relation between trapping capability and taper length (L). We choose the thicknesses of Au (t Au ) and SiO 2 (t SiO2 ) as 20 and 30 nm, respectively. A PS with 100 nm in diameter (d = 100 nm) is placed above the front tip with a 15 nm separation from the top surface of the nano-taper (centered at coordinate (0, 0, 65 nm)). The optical force is calculated by integrating a Maxwell stress tensor on the external surface of the PS [23] . The variation of vertical optical force (F z , the optical force component in z-direction) exerting on the PS under different L is shown in Fig. 1(b) . The force is normalized by the power launched into Si 3 N 4 waveguide in unit of pN/W. The negative value in all of forces represents the trapping phenomenon toward the tip, and the strength is varied periodically in two different lengths. The longer periodic variation (the dashed curve in Fig. 1(b) ) is due to mode beating of two excited hybrid modes. Fig. 1(c) shows the field distributions of two hybrid modes, which are the superposition of pure Si 3 N 4 waveguide mode and pure plasmonic mode. The hybrid mode H1 is with optical energy highly concentrated around metal and exposed to water surrounding. On the other hand, the energy of hybrid mode H2 is mainly concentrated inside the core of Si 3 N 4 waveguide. Therefore, H1 provides a more enhanced and accessible field for trapping particle than the field of H2. With the help of plasmonic nano-focusing, the field can be further condensed and thus enhanced. Therefore, the local maximal F z strength within longer periodic variation happens at the L which most of optical energy propagates as H1 to the front tip of nano-taper. The evolution of field distribution under different L ( Fig. 1(d) ) can support above explanation. At L = 625 nm, it's the shortest L which most of energy is transferred from H2 to H1 and simultaneously reaches the front tip of nano-taper. As L further increases to 2050 nm, the energy transfers from H1 back to H2, and again to H1. The longer L of nano-taper is expected to cause smaller scattering loss, however, severer metal absorption loss. Fig. 1(b) shows that the strength at L = 2050 nm is weaker than the one at L = 625 nm, so we can conclude the loss is dominated by the metal absorption. The shorter periodic variation is due to the interference between the forward propagating H1 from input side and the backward H1 reflected from the front tip of nano-taper. When two waves are in phase, the higher field intensity can be obtained. We can observe this phenomenon by comparing the field magnitude at L = 625 nm with the one at L = 750 nm in Fig. 1(d) . From above analysis, the optical energy can be transferred from coupling waveguide to nano-taper via mode beating of the two excited hybrid modes. Under fixed t Au and t SiO2 , there's an optimal L of nano-taper for maximal optical energy concentrated around the front metal tip which induces maximum strength of F z on PS.
To investigate other factors influencing trapping force strength, we set nano-tapers with different combinations of t Au (from 10 to 60 nm) and t SiO2 (from 0 to 120 nm) to obtain the variations of maximum F z strength on 100 nm PS (Max. |F z |) and the corresponding optimal taper length (L op ). The PS is fixed at the same position (centered at coordinate (0, 0, 65 nm)). The results are shown in Fig. 2(a) and (b) . For Max. |F z |, there's always an optimal t SiO2 under fixed t Au . As t Au increases from 10 to 20 nm, Max. |F z | greatly increases. But when t Au is thicker than 20 nm, Max. |F z | gradually decreases. For L op , it increases with both t Au and t SiO2 . These variations can be explained by the characteristics of hybrid modes. As mentioned above, L op corresponds to the first time most of optical energy propagating as H1 to the front tip of nano-taper. If we replace nano-taper as a stripe with fixed width w, L op would be the coupling length (L cp ) from H2 to H1, which is half of the beat length of two hybrid modes:
where λ is the free space wavelength. L cp is inversely proportional to the real part of the difference between effective indices of H1 and H2. The real parts of effective index of two hybrid modes and L cp , in different combinations of t Au and t SiO2 , are shown in Fig. 3 (a) and (b). The w is chosen as 200 nm which is the average width of nano-taper. The index of H1 obviously decreases when either t Au or t SiO2 increases. On the other hand, the index of H2 slightly decreases when either t Au increases or t SiO2 decreases. The reason is when Au film is far away from Si 3 N 4 waveguide, H1 and H2 will become pure plasmonic mode and pure Si 3 N 4 waveguide mode, respectively. Therefore, the indices of H1 and H2 will be close to those of pure plasmonic mode (the brown arrows in Fig. 3(a) ) and Si 3 N 4 waveguide mode (the green arrow in Fig. 3(a) ) as t SiO2 increases. When t Au increases, the plasmon coupling between the top and bottom surfaces of Au film becomes weaker, which leads to decrease of effective index of both modes. Because the field of H1 is mainly concentrated around Au film and the field of H2 is inside Si 3 N 4 waveguide, there is a larger degree of index decrease of H1 than H2. Therefore, the index difference between H1 and H2 decreases as either t Au or t SiO2 increases. Namely, the inverse of index difference increases, which leads to the increase of L cp .
The trend in Fig. 3(b) is very similar with the one in Fig. 2(b) , which means L op is mainly influenced by the beat length of two hybrid modes H1 and H2. The variation of Max. |F z | is mainly determined by the field intensity at the front tip of nano-taper. We suppose there are three factors influencing field intensity: 1. power coupled to nano-taper P c , 2. the total metal absorption loss from nano-taper, and 3. mode distribution at the front tip of nanotaper. For P c , the more power is coupled to nano-taper, the higher field intensity can be attained. For each nano-taper, we launch power of 1 W into Si 3 N 4 waveguide. Then, transmitted and reflected powers can be monitored at the output and input ports of Si 3 N 4 waveguide. Scattered power leaks to water surrounding and glass substrate, which can be monitored at the outer boundaries of simulation domain. Finally, P c can be obtained by subtracting 1 W from transmitted, reflected and scattered powers. The powers of each nano-taper are shown in Fig. 3(c) . The transmitted power greatly decreases as t Au increases owing to the increase of power transferred from Si 3 N 4 waveguide to nano-taper. This is because the index mismatch between pure plasmonic mode and Si 3 N 4 waveguide mode decreases as t Au increases (the brown and green arrows in Fig. 3(a) ). However, the reflected and scattered powers slightly increase when the power transferred to nanotaper increases. As a result, the nano-tapers with t Au = 10 nm exhibit much lower P c than those with other t Au .
For metal absorption loss, it needs to be considered once lightwave propagates along plasmonic waveguide. More energy loss causes lower field intensity at the front tip of nano-taper. For a hybrid stripe waveguide, we can calculate the field intensity of the hybrid mode (I ) after propagating a length of l using the following equation:
where
) is the imaginary part of the propagation constant of the hybrid mode, the product of free space propagation constant (k 0 ) and the imaginary part of effective index of hybrid mode (Imag(n eff )). Here the mode propagates in positive x-direction. Under fixed l, eq. (2) indicates that larger Imag(n eff ) results in severer loss. Fig. 4(a) shows the imaginary parts of effective index of H1 and H2 with varied t Au , t SiO2 , and w. The imaginary part of index of H1 is more sensitive to the variations of t Au , t SiO2 , and w than that of H2 because the field of H1 is more concentrated around the Au stripe. H2 becomes pure Si 3 N 4 waveguide mode as w decreases to 0, causing the decrease of the imaginary part of index of H2 as w decreases. On the other hand, the imaginary part of index of H1 increases when either t Au , t SiO2 or w decreases. This is due to stronger plasmon coupling between four corners of Au stripe and more concentrated field around the Au stripe. In the case of nano-taper, both H1 and H2 have to be considered. Also, w changes along x-direction and L op varies with different combinations of t Au and t SiO2 . To estimate the metal absorption loss as lightwave propagating from the base to the front tip of each nano-taper, we use the following equation:
Here, I tip and I base represent the field intensities at the tip and base of nano-taper, respectively. The w is a function of x position that decreases linearly from 400 to 10 nm in length of L op . Each combination of t Au and t SiO2 gives a corresponding L op , which can be obtained from Fig. 2(b) . k H 1 and k H 2 are the imaginary parts of the propagation constants of H1 and H2. From the field distribution of nano-taper, we can roughly regard the optical energy firstly propagating as H2 from the base to the middle of nano-taper, and then as H1 for the rest of nano-taper. Thus, the first integration in D is contributed by H2, and the second by H1. The D of all nano-tapers are shown in Fig. 4(b) . Larger D represents severer metal absorption loss from the nano-taper. Under fixed t Au , the metal absorption loss tends to increase with t SiO2 because the effect of the increase of L op is dominant over that of the decrease of k H 1 . There is no obvious trend between D and t Au because thinner t Au is with shorter L op and larger k H 1 , and their effects are competing.
For the mode distribution at the front tip of nano-taper, we only consider the part of mode energy distributed around the top surface of Au film because it interacts directly with trapping target. To mimic the condition of optical energy distributed at the front tip of nano-taper, we use the distribution of H1 of hybrid waveguide which is composed of Au-SiO 2 stripe with w = 10 nm on top of Si 3 N 4 waveguide. f and V eff is defined as the fraction of mode energy and the effective size of the mode distributed around the top-half of Au stripe, respectively. And there would be a higher intensity enhancement at the top surface of Au stripe if H1 is with a larger f over V eff . Thus, we analyze f, V eff , and f/V eff of H1 of hybrid waveguide with different combinations of t Au and t SiO2 , as shown in Fig. 4(c) . Because electric field tends to distribute at high-refractive-index region, more fraction of mode energy would distribute around the bottom surface of Au stripe when the stripe is closer to the Si 3 N 4 waveguide. On the other hand, mode energy would almost equally distribute around both top and bottom surfaces of the stripe when the stripe is far from high-index waveguide. As a result, f can be rapidly increased by adding merely tens of nanometers of t SiO2 to "pull" the mode energy upward. f changes little at thicker t SiO2 because the influence of waveguide becomes little and the distribution of H1 almost remains the same. The variation of f can be supported by comparing the normalized field distributions between different t SiO2 , as shown in Fig. 4(d) . For V eff , it mainly increases with t Au because we only focus on the mode field concentrated around the top-half of Au stripe. When t Au is increased, the decrease of effective index of H1 results in less confined mode field and thus larger V eff , which can also be supported by comparing the field distributions between different t Au in Fig. 4(d) . Also, the less confined field is more easily influenced by Si 3 N 4 waveguide. Under thicker t Au , the increase of f as t SiO2 increasing is slower. For f/V eff , it decreases as t Au increases, which is dominated by the variation of V eff . And under fixed t Au , the variation of f/V eff is dominated by the variation of f. There is an obvious increase of f/V eff when 10 nm thickness of SiO 2 spacer is added, and f/V eff changes little when t SiO2 is thicker than 30 nm.
To conclude above investigations, changing t SiO2 under fixed t Au mainly influences the intensity enhancement at the top surface of nano-taper and total metal absorption loss from nano-taper. With tens of nanometer thickness of SiO 2 spacer, an obvious intensity enhancement causes the increase of Max. |F z |. When t SiO2 further increases, intensity enhancement increases little but metal absorption loss keeps increasing, which causes the decrease of Max. |F z |. Therefore, the optimal Max. |F z | under fixed t Au is the result of the competition between intensity enhancement and total metal absorption loss. For changing t Au , it mainly influences the power coupled to nano-taper and mode field confinement. Although nano-tapers with t Au = 10 nm offer higher intensity enhancement, the much lower coupled power causes their Max. |F z | much weaker than those of nano-tapers with other t Au . For nano-tapers with t Au = 20 to 60 nm, they have similar coupled power, but intensity enhancement decreases as t Au increases. Max. |F z | decreases as t Au increases and thus the strongest Max. |F z | happens at t Au = 20 nm. Therefore, we choose t Au = 20 nm, t SiO2 = 30 nm and L op = 625 nm as the parameters of optimized nano-taper.
Analysis of Particle Trapping
It is important to evaluate how stable the particle can be trapped by the optical forces produced by the optimized nano-taper. Assuming that the 100 nm PS is attracted by the nano-taper and stays above the nano-taper with a 15 nm separation from the top surface of nano-taper. Black curve in Fig. 5(a) shows the evolution of optical force in x component (F x ) when the PS moves along the path in x-direction with y = 0 and z = 65 nm. The direction of F x changes because the PS passes multiple high intensity lobes on the surface of Au film. As optical force points to the higher intensity region, there is competition between forces induced by different lobes. To figure out stable trapping position, we integrate F x along the path to obtain the potential experienced by particle. Blue curve in Fig. 5(a) shows the corresponding potential distribution in x-direction (U x ). A criterion widely used for stable trapping requires the potential depth ( U) larger than 10 k B T for suppressing Brownian motion, where k B is the Boltzmann constant and T is the system temperature potential distribution in y-direction (U y ), the deepest U y of 2849 k B T/W happens at y = 0. In Fig. 5(c) , the curves are obtained along the path in z-direction with x = −15 nm and y = 0 nm. The direction of F z is always toward the top surface of Au film. F z becomes significantly stronger as the PS gets closer and overlaps more with the intense field. For the potential distribution in z-direction (U z ), a U z of 2981 k B T/W can be reached at z = 65 nm. Under input power of 3.57 mW, we can obtain U y = 10.2 k B T and U z = 10.6 k B T , both meeting the criterion of 10 k B T . Therefore, we can confirm that single 100 nm PS can be stably trapped at position x = −15 nm, y = 0, and z = 65 nm with threshold input power (P th ) of 3.57 mW. This value is relatively small compared to many prior works with particles of similar indices and sizes [1] , [7] , [14] . The variation of P th for stable trapping PS with different sizes (d) is shown in Fig. 6(a) . P th decreases as d increases because the experienced force of larger particle is stronger. At these low power levels, the thermal problem is insignificant and will not disturb the trapping phenomenon [16] , [23] . In realistic fabrication, the structures of nano-taper and Si 3 N 4 waveguide are defined separately by lithography. The location of nano-taper may shift away from the center of waveguide with a distance s due to misalignment. To estimate the influence of misalignment to trapping capability, we calculate P th for stable trapping single 100 nm PS under different s, as shown in Fig. 6(b) . P th merely increases 11% when there is an 100 nm misalignment between nano-taper and waveguide, which means our design has high tolerance to the pattern misalignment.
We also compare the trapping capability of our design with Ref. [21] as the two trapping configurations are similar. The schematic illustrations of both designs are shown in Fig. 7(a) . For waveguide-coupled gold nano-bowtie, its structure parameters and the way of excitation are the same as in Ref. [21] . The Max. |F z | on 100 nm PS provided by optimized nano-taper and nanobowties with gap sizes from 5 to 50 nm are listed in Table 1 . To ensure fair comparison, the PS keeps a separation of 15 nm from the top surface of gold film in all simulations. As metallic nanobowtie is well known for generating highly enhanced localized field around the gap, it is expected to induce great trapping force on PS. However, the Max. |F z | provided by nano-taper is almost 3.3 times larger than the one by nano-bowtie. As the strongest |F z | among nano-bowties is the one with 20 nm gap, we also calculate the P th for stable trapping 100 nm PS by nano-bowtie with 20 nm gap. It is 14.99 mW and nearly 4.2 times larger than the one by nano-taper. Above results show that our design provides a much better trapping capability than the one of Ref. [21] . To figure out the reason, we investigate the optical characteristics of two designs. Table 1 also lists the coupling efficiency from waveguide to each trap unit and the maximum magnitude of E-field (Max. |E|) provided by each trap unit. Although nano-bowties are with much lower coupling efficiency than the one of Plasmonic Nano-Tweezers nano-taper, the Max. |E| by nano-bowties can be close to or even larger than the one of nano-taper. This means the strongly localized mode provides extreme field enhancement which compensates the low coupling efficiency. However, the strong field confinement leads to very low degree of particle-field overlap. Fig. 7(b) shows the normalized field distributions of optimized nano-taper and nano-bowties with gap sizes of 5 and 20 nm at their working wavelengths. For nano-bowties, the decrease of gap size leads to the improvement of field confinement and thus the decrease of degree of particle-field overlap. As a result of the competition between field intensity and degree of particle-field overlap, the strongest |F z | happens at gap size of 20 nm. On the other hand, the field of nano-taper is much extended and overlaps more with particle than that of nano-bowties. Although the field enhancement of hybrid mode is not as strong, nano-taper still produces large field magnitude with the help of high coupling efficiency. Therefore, our design shows an excellent trapping capability. In addition, the pattern of nano-taper is much easier to be defined in realistic fabrication by lithography than the one of nano-bowtie with small gap size. Although the footprint of 400 nm × 625 nm of nano-taper is larger than the one of nano-bowtie, it is still much more compact than those of tweezers composed of dielectric photonic structures [8] , [10] - [14] .
Conclusion
We propose a waveguide-coupled hybrid plasmonic nano-taper to achieve efficient optical trapping of nano-particle. The optical energy can be efficiently transferred from waveguide to nano-taper, and then highly condensed to the front tip of nano-taper to induce strong trapping force on nanoparticle. We thoroughly investigate all possible factors influencing the strength of trapping force, including mode beat length, interference between forward and backward propagating hybrid modes, power coupling efficiency, distribution of mode field, and metal absorption loss. The optimized nano-taper is with an ultralow threshold input power of 3.57 mW for stable trapping single 100 nm PS. Compared with waveguide-coupled plasmonic nano-bowtie, our design provides 3.3 times stronger force strength and 4.2 times lower threshold power for trapping 100 nm PS. The results indicate that the design of near-field tweezers should consider achieving both high field intensity and large degree of particle-field overlap. In addition, our trap unit is very compact with footprint of 400 nm × 625 nm. The simple geometry of nano-taper is very beneficial to be defined by lithography, and the device also has high tolerance to misalignment between trap unit and coupling waveguide. The threshold power for trapping 100 nm PS only increases 11% when there is an 100 nm misalignment. We believe that such a potential device will be very helpful to the development of nano-bio-target manipulation in lab-on-a-chip system.
